Moreover, BCV pseudoparticles also exhibited interferogenic activity. Together these observations suggest that the ability of coronavirus particles to induce IFN-␣ is more likely to involve a specific, multimeric structure than a definite sequence motif.
Transmissible gastroenteritis virus (TGEV), an enteric coronavirus of swine, is a potent inducer of alpha interferon (IFN-␣) both in vivo and in vitro. Incubation of peripheral blood mononuclear cells with noninfectious viral material such as inactivated virions or fixed, infected cells leads to early and strong IFN-␣ synthesis. Previous studies have shown that antibodies against the virus membrane glycoprotein M blocked the IFN induction and that two viruses with a mutated protein exhibited a decreased interferogenic activity, thus arguing for a direct involvement of M protein in this phenomenon. In this study, the IFN-␣-inducing activity of recombinant M protein expressed in the absence or presence of other TGEV structural proteins was examined. Fixed cells coexpressing M together with at least the minor structural protein E were found to induce IFN-␣ almost as efficiently as TGEV-infected cells. Pseudoparticles resembling authentic virions were released in the culture medium of cells coexpressing M and E proteins. The interferogenic activity of purified pseudoparticles was shown to be comparable to that of TGEV virions, thus establishing that neither ribonucleoprotein nor spikes are required for IFN induction. The replacement of the externally exposed, N-terminal domain of M with that of bovine coronavirus (BCV) led to the production of chimeric particles with no major change in interferogenicity, although the structures of the TGEV and BCV ectodomains markedly differ. Moreover, BCV pseudoparticles also exhibited interferogenic activity. Together these observations suggest that the ability of coronavirus particles to induce IFN-␣ is more likely to involve a specific, multimeric structure than a definite sequence motif.
Transmissible gastroenteritis virus (TGEV), a highly enteropathogenic virus of swine, belongs to the Coronavirus genus, a group of enveloped viruses with a large (about 30-kb), positive-stranded RNA molecule as a genome (14; reviewed in reference 29) . Like those of other coronaviruses, TGEV virions are built from three major proteins: the N protein (47 kDa), with which the genomic RNA is packaged, and two envelope glycoproteins, S (220 kDa) and M (29 to 36 kDa) (29) . Trimers of S protein form the prominent coronavirus spikes (12) . M, the most abundant component of coronavirions, is a polytopic protein spanning the membrane bilayer three times (reviewed in reference 42). When synthesized in the absence of other viral components, M protein tends to accumulate in the Golgi complex as detergent-insoluble, polymeric structures, presumably as part of its retention mechanism (26, 27) . A third, small transmembrane protein, designated E (formerly sM), has been found to be present at a low copy number in TGEV virions (19) , as well as in infectious bronchitis virus (IBV) and mouse hepatitis virus (MHV) (35, 51) . Coronavirus assembly has been shown to take place at membranes of the intermediate compartment, between the endoplasmic reticulum and the Golgi complex (25) . Recently, substantial progress toward an understanding of the mechanism of assembly has been made, with the demonstration that coexpression of the MHV M and E proteins leads to the formation and secretion of particles closely resembling authentic virions (6, 48) .
In vivo, TGEV replication takes place primarily in the differentiated enterocytes covering the villi of the small intestine (reviewed in reference 15). An ectoenzyme abundantly expressed at the brush border, aminopeptidase N, has been shown to act as a receptor for virus entry into target cells (11) . In infected animals, high titers of interferon (IFN) are detected at both the local and systemic levels (28) . The observed IFN activity is primarily alpha IFN (IFN-␣), thus making enterocytes unlikely to represent the major IFN-producing cells. Subsequent studies have revealed that incubation of swine peripheral blood mononuclear (PBM) cells from naive animals with TGEV-infected, fixed cultures or purified virus, as well as in vivo injection of UV-inactivated virions, leads to a marked and early IFN-␣ synthesis (8, 38) . Together, these observations support the view that such an induction pathway, involving nonreplicating viral elements, mainly accounts for the strong IFN response observed in TGEV infection.
There is now substantial evidence that IFN-␣ synthesis can be triggered by inert viral structures, indicating that replication and/or gene expression is not required for efficient IFN induction at least in certain categories of lymphoid cells. This kind of IFN-␣-inducing activity has been reported for enveloped viruses belonging to many different groups, including paramyxo-, orthomyxo-, lenti-, rhabdo-, corona-, and herpesviruses (reviewed in reference 16). In vitro studies using virus-induced blood leukocyte preparations have allowed the definition of the IFN-␣-secreting cells as a small but highly productive leukocyte subpopulation, referred to as natural interferon-producing (NIP) cells, able to synthesize IFN-␣ after a brief contact with noninfectious viral structures (16) . Studies performed with human and pig blood leukocytes have shown that NIP cells are nonphagocytic, nonadherent cells that lack T, B, and natural killer cell lineage-specific markers but express CD4 and major histocompatibility complex class II molecules (36, 44, 47) .
The stimulation of IFN synthesis is assumed to be deter-mined by an interaction of the NIP cell surface with one or several viral components, but a limited number of studies have been aimed at understanding the nature of these viral components. Based on inhibitory effects of relevant antibodies, viral glycoproteins such as human herpes simplex virus protein D, human immunodeficiency virus (HIV) type 1 gp120, Newcastle disease virus HN, and viral hemorrhagic septicemia virus G protein have been proposed to play a role in IFN induction (17, 23, 34, 41) . In the case of TGEV, two lines of evidence have pointed to a role of the membrane protein M as the major inducing component. First, within a panel of antibodies directed to the TGEV structural proteins, only two blocked IFN induction, with both of them recognizing the short N-terminal ectodomain of M (8) . Second, two of the epitope mutants selected toward the above antibodies exhibited a markedly decreased interferogenic activity. The substitutions identified in both mutant M genes mapped within the ectodomain and impaired the glycosylation of the protein, without affecting the virus infectivity (32) . The use of recombinant expression is a straightforward approach in assessing any interferogenic activity of individual viral proteins. Recently, two viral proteins have been reported to induce IFN-␣ production by lymphohematopoietic cells independently from any other viral component. Isolated recombinant HIV gp120 protein exhibited some interferogenic activity for human PBM cells (2, 7) . Cells expressing HN protein of human parainfluenza virus type 4A had an ability to induce IFN in mouse spleen cells (22) . In contrast, our attempts at demonstrating interferogenic activity associated with recombinant TGEV M protein, transiently or stably expressed in mammalian cells, consistently failed (3, 4) . Similar negative results were obtained when TGEV virion-derived envelope proteins reconstituted into virosomes were used (39) . An interesting possibility suggested by these results was that interaction of M protein with NIP cells would not be sufficient in itself to trigger IFN synthesis, because either the putative interferogenic determinant needs to be presented in a specific context (such as the lipid bilayer) or the interferogenicity is subordinated to a polymeric structure. In order to test this hypothesis, the incidence of the expression of other viral proteins upon IFN-␣ induction by TGEV M was examined. It was found that coexpression of M and E proteins allowed the formation of pseudoparticles which exhibit an interferogenic activity similar to that of complete virions.
(Part of these data have been presented at the International Symposium on Coronaviruses and Arteriviruses, Segovia, Spain, May 1997.)
MATERIALS AND METHODS
Virus and antibodies. The Purdue-115 strain was used as a TGEV source and propagated in ST cells as previously described (31) . The following monoclonal antibodies (MAbs) were used: 25.22 and 3.60, directed to the N-terminal and cytosolic regions of TGEV M, respectively (31, 32); C29, directed to the Cterminal region of TGEV E (19); 53.13 and 5.1, specific for TGEV S and N proteins, respectively (31); and 27P22 as an anti-bovine coronavirus (BCV) E antibody (supplied by J. F. Vautherot, Jouy-en-Josas, France).
PBM cells. Nonadherent porcine PBM cells were obtained from heparinized blood by Ficoll density centrifugation on MSL (density, 1.077 g/ml; Eurobio, Paris, France) followed by adherent-cell depletion on tissue culture flasks as described previously (36) . PBM cells were suspended in RPMI 1640 medium supplemented with 10% fetal calf serum and antibiotics for IFN-␣ induction assays.
IFN-␣ induction. PBM cells were induced to produce IFN-␣ by overnight incubation at 37°C with TGEV in 96-well microplates. Nonadherent cells were incubated at a final concentration of 8 ϫ 10 6 cells per ml in a total volume of 0.2 ml with TGEV or pseudoparticles at various dilutions, as shown in Results. In some of the experiments, PBM cells (8 ϫ 10 6 cells per ml in a total volume of 0.5 ml) were incubated overnight in 24-well plates with infected or transfected cell monolayers fixed with 0.25% glutaraldehyde as described previously (8) . Cell supernatants were collected and stored at Ϫ20°C before IFN-␣ immunoassay.
IFN-␣ immunoassay.
A specific enzyme-linked immunosorbent assay (ELISA) for porcine IFN-␣ was performed as previously described (10, 46) by using MAb K9 for coating and MAb F17 as a second antibody. In each assay, our internal standard of recombinant porcine IFN-␣ was included.
M antigen quantification. M antigen associated with purified pseudoparticles and virions was quantified by an ELISA as follows. Serial threefold dilutions in 0.1 M sodium carbonate-bicarbonate buffer (pH 9.6) were incubated overnight in a 96-well plate (PROBIND); coated wells were saturated in phosphate-buffered saline-0.05% Tween 20-3% bovine serum albumin for 2h at 37°C and then incubated for 90 min at 37°C with MAb 25.22, 3.60, or 51.13 (as a negative control for pseudoparticles) ascites fluid diluted 1/1,000 in the same buffer. After washing, the samples were incubated with anti-immunoglobulin G (heavy plus light chains) rabbit antibodies conjugated with alkaline phosphatase (1 g/ml; Biosys) for 1 h at 37°C, washed, and incubated for 15 to 30 min with paranitrophenyl phosphate (Sigma) diluted at 1 mg/ml in 0.05 M sodium carbonatebicarbonate-10 mM MgCl 2 buffer (pH 9.8). The reaction was stopped by addition of 0.1 M NaOH. The optical density was measured at 405 nm on a Titertek Multiscan MCC/340. M and S antigens associated with fixed cell monolayers were quantified by the same procedure.
Plasmid construction. TGEV and BCV M and E homologous and chimeric genes have been cloned into plasmid vectors providing the bacteriophage T7 transcription-regulatory sequences. All ligation junctions and sequences of inserts generated by PCR were confirmed by automated sequencing (Applied Biosystems 373A). The oligonucleotide primers used are listed in Table 1 . (45) with primers 66830 and 66841 and cloned into the EcoRV site of pBluescript II SK(Ϫ) (Stratagene). The BTT chimera, which encodes TGEV N-proximal sequence fused with BCV N-distal sequence at the homologous stretch WNFS (see Fig. 5a ), was constructed by insertion of PCR fragments between the NcoI and EcoRI sites of pTM1 (provided by B. Moss). The fragments were obtained by two-step amplification of p174 and pTM2 with primers 66830-2373 and 72916-2282, respectively, followed by amplification with primers 66830 and 2282, respectively. The reciprocal chimera TBB, i.e., encoding TGEV N-proximal sequence fused with BCV N-distal sequence, was obtained by cloning into the EcoRV site of pBluescript a PCR fragment obtained by the same strategy described above with primer pairs 3247-85138 and 85139-66831 followed by 3247 and 66831.
(ii) E gene constructs. The TGEV E gene was PCR amplified from pTG2.15 (37) with primers 2414 and 2030 and cloned between the BamHI and XbaI sites of pcDNA1 to give plasmid pcsM. In this construct, Thr at position 2 is replaced by Ala as a consequence of the optimization of the ATG context. The BCV E gene was amplified from pT7T3NS3 (50) with primers 627 and 519 and cloned between the EcoRI and BamHI sites of pcDNA3 to give plasmid p3NS3. The bt chimera, specifying a protein with TGEV N-terminal and BCV C-terminal sequences fused at the homologous stretch KLC (see Fig. 5a ), and the reciprocal chimera tb were constructed by use of an NsiI site present within the KLC stretch. For bt, PCR fragments amplified from p3NS3 with primers 2119 and 85137 were cloned after BamHI-NsiI restriction into the corresponding sites of pcsM to give pc34. For tb, PCR fragments amplified from pT7T3NS3 with primers 85136 and 2119 were cloned into the EcoRV site of pBluescript. After BamHI-NsiI restriction, the insert was subcloned into the corresponding sites of pTMsM, to give pTM43. This plasmid was subjected to EcoRI-BamHI digestion and ligation to remove the T7 promoter issued from pT7T3NS3.
(iii) Other constructs. The TGEV N gene was cloned into pcDNA1 as an EcoRV fragment from pTG2.18 (37) to give the plasmid pcN. pZG35 was used to express the full-length TGEV S protein under control of the T7 promoter (20) .
Transfection, metabolic labeling, and immunoprecipitation. Confluent monolayers of RK13 cells were infected with vaccinia virus vTF7.3 (18) at a multiplicity of infection of 5. At 1 h postinfection the cells were transfected with Lipofectamine containing the appropriate plasmids in Optimem as recommended by the manufacturer (GibcoBRL). At 3 to 5 h after DNA transfection, the cells were metabolically labeled by using methionine-depleted medium (GibcoBRL) containing 2% fetal calf serum and 100 Ci of [
35 S]methionine-cysteine (Tran 35 Slabel; ICN Biomedicals) per ml. At 10 h postinfection the medium was collected. The cells were lysed with 1ϫ immunoprecipitation buffer (50 mM Tris [pH 8], 40 mM EDTA, 0.5% Na deoxycholate, 0.5% Nonidet P-40, 0.5 ml of aprotinin per liter), and the lysate was centrifuged at 4°C for 10 min at 10,000 ϫ g. Immunoprecipitation was performed with MAbs and protein A, and the resulting samples were analyzed by reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography, as previously described (31) .
Velocity sedimentation. Culture medium of vTF7.3-infected cells expressing M and E proteins or of TGEV-infected cells labeled from 5 to 10 h postinfection was cleared at 10,000 ϫ g for 10 min and loaded on a linear 20 to 45% sucrose gradient. After centrifugation for 4 h at 25,000 rpm in a Beckman SW40 rotor at 4°C, 20 fractions were collected from the bottom, diluted 1:1, and centrifuged for 15 min at 300,000 ϫ g. Pelleted material was analyzed by SDS-PAGE as described above.
Purification of pseudoparticles. The starting material was produced from five 162-cm 2 flasks (Costar) of RK13 cells coexpressing the TGEV M and E genes. Each monolayer was infected with vTF7.3 at a multiplicity of infection of 3 and then transfected with 10 ml of a 50-ml mixture containing 40 and 120 g of pTMM2 and pcsM plasmid DNAs, respectively, and 1.2 ml of Lipofectin in Optimem. After 5 h, the monolayers were rinsed and maintained in Eagle minimal essential medium plus 10% fetal calf serum. The culture media were collected at 24 h postinfection and processed as described for TGEV virions (31) . The resulting concentrated material was loaded onto two 20 to 45% sucrose gradients and centrifuged for 3.30 h in an SW27 rotor. Pseudoparticle material was visible as a discrete, opalescent band which was collected directly.
Electron microscopy. Formvar-carbon-coated grids were put in contact with a purified pseudoparticle suspension for 2 min, rinsed with phosphate-buffered saline plus 2% bovine serum albumin, and incubated for 30 min with anti-TGEV M antibody 25.22 and then with protein G coupled to 10-nm-diameter gold particles (British Biocell International). Grids were viewed on a Philips EM12 electron microscope after staining with 2% phosphotungstic acid (pH 6.8).
RESULTS

IFN induction by cells coexpressing TGEV M and E proteins.
The vaccinia virus-T7-driven system was used to express the M protein alone or together with one or several of the other structural proteins, including the minor structural protein E. After fixation, the cell monolayers were incubated with swine PBM cells, and the IFN activity present in the culture medium was quantified (Fig. 1) . As a striking result, cotransfection of M and E genes was found to be an absolute requirement for IFN induction. The level of IFN production was higher than 10 3 IU/ml, a titer which is not far from that observed when TGEV-infected, fixed cell cultures are used as an inducer in the same assay. The IFN induction was parallel to expression of M antigen at the surface of the fixed cells, as determined by an ELISA test (data not shown). This is consistent with the notion that accessibility of M to PBM cells is a prerequisite for IFN induction. In addition, IFN induction was found not to be enhanced by the additional expression of the virion proteins S and/or N. Both proteins were found to be readily detectable in cultures cotransfected with the four structural genes, based on ELISA and indirect immunofluorescence tests. From these results, it was concluded that the coexpression of M and E was both necessary and sufficient to induce IFN synthesis. This phenomenon appears to be independent of the cell context, as the same conclusion was reached when Cos7 or ST cells were used for coexpression (data not shown) instead of RK13 cells as done for Fig. 1 .
TGEV pseudoparticles are released from cells coexpressing M and E. During the course of these studies, it was reported that the coexpression of MHV M and E proteins leads to the assembly and secretion of particles closely resembling authentic coronavirions (6, 48) . Accordingly, a possible explanation of the above-mentioned observation was that the formation of similar viral structures was a crucial parameter for TGEV M-mediated induction of IFN. The following experiments were performed in order to formally demonstrate that formation and release of pseudoparticles also occurred in TGEV M-and E-expressing cells.
First, the material present in the medium from radioisotopically labeled, cotransfected or infected cultures was analyzed by ultracentrifugation in sucrose gradients. As shown in Fig. 2 , M protein material sedimented as a discrete peak, with a ve- locity close to but lower than that of TGEV virions. No E protein could be detected in this experiment, presumably because it was incorporated at a low ratio in the pseudoparticles, similar to that found for TGEV and MHV virions (19, 51) .
Second, in an attempt to visualize the recombinant pseudoparticles, extracellular material derived from coexpressing cultures was purified by sucrose gradient centrifugation and analyzed by electron microscopy after immunogold labeling (Fig. 3) . Negative staining revealed a population of relatively homogeneous, spherical particles, the diameter of which was estimated to be 110 Ϯ 10 nm (n ϭ 30), very similar to that determined for TGEV virions (spikes excluded). Thus, the data overall confirmed those obtained for MHV pseudovirions (48) .
TGEV pseudoparticles exhibit interferogenic activity. Experiments were next performed to learn whether material released in the medium from cultures cosynthesizing M and E through vaccinia virus-T7 expression exhibited interferogenic activity. A substantial, dose-dependent IFN-inducing activity was found to be associated with sedimentable extracellular material collected after pelleting through a glycerol cushion (data not shown). Importantly, no interferogenic material was released from cultures expressing M protein alone. A key issue was whether the specific interferogenic activity of the recombinant particles compared to that of authentic TGEV virions. To address this, the contents of M antigen in sucrose gradientpurified preparations of recombinant pseudoparticles and virions were determined by ELISA, and then dilutions of either material giving approximately the same signal were allowed to incubate with PBM cells. These experiments showed that the interferogenic activity (i) persisted after purification of the pseudoparticles; (ii) was comparable for two batches produced and purified independently; (iii) was close to that of virions, i.e., about fivefold less according to the data shown in Fig. 4 , which were obtained with the purified batch having the highest M antigen concentration; and (iv) was inhibited by an antibody directed to the N-terminal ectodomain of the M protein to the same extent as for TGEV virions.
IFN induction by chimeric TGEV-BCV pseudoparticles. The possibility of generating fully interferogenic particles by transient expression of two cloned viral genes made it tempting to use a genetic approach in an attempt to identify the molecular determinant(s) implicated in this phenomenon. To this end, it was decided to generate chimeric particles through the use of the BCV E and M genes, which were previously cloned in the laboratory (45, 50) . A first series of experiments were designed with the aim of answering more specifically two questions: (i) whether apart from its apparent morphogenic role, the minor component E protein plays any role in the interferogenicity and (ii) whether the latter activity would be altered by a change in the M ectodomain, assuming that this is the main region of the protein interacting with the IFN-producing cells.
The structures of the relevant constructs and the particle release results obtained are presented in Fig. 5 . Extracellular M material was readily detected in the culture medium of cells coexpressing homologous (TGEV or BCV) M and E proteins, whereas very little or no release was observed when either M-E heterologous constructs or M-half-chimeric E constructs (tb and bt) were coexpressed (Fig. 5b) . In contrast, the M chimera called BTT, in which the TGEV M ectodomain was replaced by that of BCV, was found to allow efficient particle formation (Fig. 5c) . Furthermore, this BTT chimera appeared to lead to pseudoparticle formation with each of the four E gene constructs. This finding was unexpected in view of our unsuccessful attempts to obtain particle formation through the coexpression of eight different TGEV-BCV chimeric M proteins (3), as shown here for the TBB chimera.
Interestingly, when the BTT chimera was analyzed for IFN induction, it was found to promote IFN synthesis as efficiently as the parental TGEV M protein when coexpressed with TGEV E protein (Fig. 6a) . The BCV M-E pair also induced IFN efficiently. When BTT was coexpressed with BCV E (BTT plus b), a significant but lower IFN-inducing activity was observed, consistent with the fact that this pair allowed less efficient particle formation than the BTT-t pair or homologous pairs (Fig. 5c) . Strikingly, no IFN-inducing activity could be detected in any of the cultures which expressed a pair of constructs unable to promote particle release (Fig. 6a and data not shown). As shown above with purified pseudoparticles (Fig. 4) , a marked inhibition of IFN induction was observed when an antibody specific for the TGEV M ectodomain was added during incubation with PBM cells (Fig. 6b) . However, as expected, no inhibition occurred in the case of chimeric pseudoparticles produced with the BTT construct, which carries the BCV M ectodomain.
DISCUSSION
As a main achievement, this study demonstrated that recombinant TGEV pseudoparticles, lacking spikes and ribonucleoprotein, can substitute for authentic virions to trigger efficient IFN-␣ synthesis by swine leukocytes. It also revealed that BCV pseudoparticles exhibit basically this same property, thus shedding new insights into the possible nature of the viral structure responsible for this intriguing biological feature. Finally, based on attempts at generating chimeric TGEV-BCV pseudoparticles, it was indicated that the formation of coronavirus particles involves highly specific, possibly multiple interactions.
The pseudoparticles were generated through the coexpression of the major virion component, i.e., the membrane M glycoprotein, and the minor, small membrane protein E (formerly called sM) and were found to be the same size as TGEV virions. This observation confirms that the notion of nucleocapsid-independent assembly, first described for the murine coronavirus MHV (6, 24, 48) , extends to TGEV, which is representative of a distinct genetic subset. The E protein-mediated release of M material has also been observed with BCV (this study) and feline infectious peritonitis virus (49) , two viruses closely related to MHV and TGEV, respectively. It thus can be postulated that such a mechanism, in which the M and E proteins act as necessary and sufficient partners for budding, is a general feature of coronaviruses, although this remains to be formally established for IBV, which belongs to a third genetic group.
The induction of leukocytic IFN-␣ by recombinant TGEV pseudoparticles essentially recapitulates the characteristics previously established for authentic virions. (i) The specific interferogenic activity of purified pseudoparticles, estimated on the basis of the M protein content, closely approached that of TGEV virions. The small difference observed (Fig. 4) may be irrelevant, since pseudoparticles and virions were produced in two different cell systems. (ii) Antibodies directed to the M ectodomain were found to prevent the IFN induction, as shown to be the case for TGEV virions. (iii) Coexpression of the S protein had no discernible effect on IFN stimulation by pseudoparticle-producing cultures. This finding is in agreement with our earlier observations that antibodies directed to either the S protein or its cellular receptor APN had no effect on IFN induction by TGEV-infected cells or virions (8, 39) . In the future, it might be of interest to see whether recombinant pseudoparticles made of unglycosylated M exhibit a reduced interferogenic activity, as previously demonstrated for TGEV mutant viruses encoding M protein with an altered glycosylation site (32) . It would also be worth examining the interferogenic activity of TGEV pseudoparticles toward PBM cells from different animal species, in order to compare the resulting cell spectrum with that of virions, as it has been previously shown that IFN-␣ induction by TGEV was not restricted to PBM cells from the swine species (8) .
An important finding of this study was that the ability to induce strong IFN-␣ synthesis by PBM cells is not a trait unique to TGEV pseudoparticles, as BCV recombinant particles were found to exhibit basically the same property. This observation raises the question of whether the two viruses have a common interferogenic determinant. Stimulation of IFN synthesis must imply a physical interaction between pseudoparticle determinants and a subpopulation of PBM cells, the so- called NIP cells (see the introduction). The N-terminal ectodomain of the M molecule is stoichiometrically the most abundant viral constituent exposed at the outer face of the pseudoparticles, and this region was considered in our earlier studies as a likely candidate for mediating such an interaction (32) . It should be pointed out, however, that the N-terminal ectodomains of TGEV and BCV differ notably in size and amino acid composition (Fig. 5a ). The M ectodomain of TGEV potentially has a more complex structure than that of BCV and, of possible relevance, is associated with a functional signal peptide, in contrast to the case for most coronaviruses (33) . Moreover, the carbohydrate moiety of M, previously shown to play a role in IFN induction by TGEV (9, 32) , differs between the two viruses: N and O glycosylation for TGEV and BCV, respectively (13, 30) . In addition, it was established during this study that a TGEV recombinant particle, in which the ectodomain of M protein was replaced by that of BCV, was as interferogenic as the homologous pseudoparticles. Together, these findings raise the possibility that the N ectodomain itself may not be the sole or the major determinant of the interferogenic activity. It cannot be excluded, however, that TGEV and BCV particles may interact with different subpopulations of IFN-producing cells. Addressing this issue relies on the progress of ongoing studies on the identification and isolation of the NIP cells.
As an extension of the present study, we have examined whether the ability to induce IFN-␣ is a general, so-far-unrecognized feature of coronaviral particles. As reported elsewhere, all of the eight viruses tested so far, including IBV, proved to be potent inducers for swine PBM cells, irrespective of their natural host specificity (5) . Inspection of the reported M polypeptide sequences failed to reveal any conserved, contiguous sequence motif which could account for this function. Based on the accepted topology of the M protein in the lipid membrane (42, 43) , three regions might contain a determinant accessible to the effector cells. Both the N-terminal ectodomain and the short junction between the transmembrane segments 2 and 3 are widely divergent among the three coronavirus groups. The third region includes a C-terminal domain which would become externally exposed, assuming that some M virion-associated molecules comprise a fourth transmembrane segment, as was recently proposed for TGEV (40) . Within this region, a 5-amino-acid stretch (YVKSK) is overall well conserved, except in IBV. In this respect, an antibody directed to the TGEV M endodomain failed to prevent IFN induction (8, 32) . Finally, an alignment of the E protein sequences (19) did not reveal any obvious candidate consensus motif either. Accordingly, it seems more plausible that the signal for IFN induction relies on a common structural feature than that it relies on a specific amino acid sequence motif.
In this study, we attempted to generate chimeric TGEV-BCV pseudoparticles as a possible approach to delineate an interferogenic determinant. Together, the results led us to conclude that a homologous, direct or indirect, interaction between the M and E proteins is required for efficient assembly, at least in the absence of other viral components. No particle formation could be observed through the expression of TGEV M along with BCV E and vice versa. Restoration of particle formation through the coexpression of various combinations of M and E chimeric constructs was subsequently attempted. These experiments, the details of which will be reported in a separate paper, proved to be generally unsuccessful (3) . At least two levels of blockade can be envisioned: M-M interaction, which is known to occur (27) and is an obvious prerequisite for particle formation, and M-E interaction. The observed incompatibility could reflect a complex process, in which several domains of the M and E polypeptide chains would be implicated in stereospecific interactions. It should be pointed out that no direct protein-protein interaction between M and E has been seen yet. Comparative studies performed with four coronaviruses failed to reveal noticeable differences in their budding sites in infected cells (25) . However, subtle differences in the subcellular localization of the TGEV and BCV proteins could account, at least in part, for the lack of assembly of chimeric particles. In this respect, the production of particles by use of the chimeric construct BTT, encoding a TGEV M protein in which the ectodomain was replaced by its BCV counterpart, is intriguing. Indeed, coexpression of BTT not only with TGEV E but also with either of the half-chimeric E proteins (tb or bt) and even BCV E protein allowed particle formation, as if the specificity of M-E interaction was, at least in part, abolished. Clearly, additional studies are needed to address these important issues.
The mechanism by which inert viral particles, either free or associated with the cell surface, commit leukocytes to synthesize IFN-␣ remains elusive. To date, most of the viral proteins recognized as playing a role in the induction are actually glycoproteins. On this basis, an interaction via a lectin-like activity has been proposed as a common and central event for triggering IFN production (21) . In the case of TGEV, there is indeed substantial evidence that the carbohydrate moiety attached to the M protein does contribute to the interferogenic activity. Removal of complex, Golgi-modified oligosaccharides but not of mannose-rich oligosaccharides by treatment of purified virions with appropriate glycosidases was shown to markedly reduce, but not abolish, the IFN induction (9) . Also, the notable decrease in IFN-inducing ability of two TGEV mutants was correlated with amino acid changes in the ectodomain of the M protein, which either suppressed or impaired the N-linked glycosylation (32) .
For several reasons, however, an alternative scenario should be considered, in which the carbohydrate chain is only one component of the stimulus necessary for signal transduction. First, there is both direct and indirect evidence against a role of the spike S protein, a heavily glycosylated protein (34% carbohydrate) (13) , in IFN induction (see above). Second, envelope protein-liposome mixtures prepared from purified virions repeatedly failed to induce IFN, despite the fact that these structures expressed both M and S representative epitopes; furthermore, such virosomes appeared to compete with TGEV for IFN induction (39) . Third, all of our attempts to stimulate IFN production by using nonlysed cells, intracellular membranes, or detergent-solubilized material from cultures singly expressing TGEV M (reference 4 and this study) were unsuccessful. Conversely, IFN induction was observed each time that particle formation was observed.
In conclusion, our data lend support to the view that the IFN-␣-inducing activity of coronavirus M protein could rely upon its incorporation into a polymeric, specifically organized structure. Moreover, we suggest that such a notion might be relevant for viruses other than coronaviruses. Taking HIV as an example, it is striking that the ability of virions to trigger IFN-␣ induction in PBM cells is dramatically higher than that of soluble gp120 protein (17) . Densely arranged and ordered repetitive structures are a hallmark of infectious agents, including viruses, and it has been proposed that B cells can discriminate between harmless and harmful nonself antigens according to pattern or antigen organization (52) . Along the same lines, it can be speculated that the spatial organization is one of the factors determining the ability of NIP cells to differentiate between endogenous glycoproteins and nonself, virus-associated glycoproteins. 
